Optimum design of efficient nanowire solar cells requires better understanding of light diffusion in a nanowire array. Here we demonstrate that our recently developed ultrafast all-optical shutter can be used to directly measure the dwell time of light in a nanowire array. Our measurements on disordered ZnO nanowire arrays, "nanowire forests," indicate that the photon mean free path and the dwell time of light can be well predicted from SEM images.
In this Letter, we present a simple method to directly measure the diffusive dwell time of light in a disordered ZnO nanowire array, a "nanowire forest." The measured dwell times of light turn out to be reasonably well accounted for by a simple ray-optics diffusion model. In this model, the photon mean free path (MFP) is estimated from scanning electron microscope (SEM) images of the nanowire forests. Consequently, SEM images can be used to predict the light diffusion in this type of samples, and to optimize the solar cell performance.
For the measurements of the dwell time, we use our recently developed ultrafast all-optical shutter [22] , with a ZnO nanowire forest replacing the ZnO single crystal. Two 125-fs laser pulses, a strong 800-nm gating pulse and a weaker probe pulse with a wavelength between 385 and 415 nm, are sent through the ZnO nanowire forest with a variable delay. If the delay is such that the pulses are simultaneously present inside the sample, two-photon absorption of a probe photon and a gating photon occurs. Measurement of the probe transmission as We have performed measurements on two disordered ZnO nanowire arrays (Fig. 1 ).
Note that disorder in the position of nanowires has been shown to enhance the absorption of light [23] . The nanowire forests were epitaxially grown on sapphire substrates using the carbothermal reduction method with gold particles as catalysts [24] . In the furnace, first a porous ZnO seed film grows on the sapphire crystal. On top of that film the nanowires emerge, with their c-axes parallel to the wire. The nanowire forests therefore consist of a nanowire part and a film part. The film is well visible in the top view image of forest 2 (Fig.   1c ). The selected nanowire forests differ from each other with respect to nanowire length, diameter, and density. Properties of the samples are summarized in Table 1 .
Experimental results on nanowire forest 1 are shown in Fig. 2 . Figure 2a shows the measured transmission of the probe pulse versus wavelength in the absence of a gating pulse. The transmitted light was diffusive; no beam was present behind the sample. The measured probe transmission in the presence of a gating pulse is presented in Fig. 2b .
Clearly, when the two pulses arrive approximately at the same time, the transmission of the probe pulse is reduced: the effect of two-color two-photon absorption. We also observe that the two-photon absorption dip is wider for shorter probe wavelengths, like in Ref. [22] , which is explained by the smaller group velocity at wavelengths close to the exciton resonance in
ZnO.
The sample of Ref. [22] is a 523 µm thick single crystal, through which light propagates in a straight line, while here we have a 21.5 µm thick nanowire forest, through which light propagates in a diffusive manner. If the photons would have traversed the forest in a straight line, then the two-photon absorption dip should be about 1/24 of the widths measured in
Ref. [22] . The dips in Fig. 2b are, however, much wider, around 1 ps. This directly shows that diffusion severely lengthens the dwell time of the photons, which is in agreement with our direct observation that the transmitted light is diffusive. The dwell time of photons inside the nanowire forest apparently is in the order of 1 ps.
For further analysis of our experimental results, we used the following simple ray-optics diffusion model. Since the incoming gating and probe photons propagate parallel to the nanowires, initially scattering and diffusion are not very strong. There is waveguiding through the wires and propagation through the air between the wires. In our rough model, all photons travel ballistically to the center of the forest, where they scatter, and diffusion commences. The diffusion is modeled using standard diffusion theory [25] with an isotropic MFP for the nanowire part and a different isotropic MFP for the film part of the sample.
We have set the boundary conditions such that a photon escapes as soon as it reaches the top surface of the forest or the interface between the porous film and the sapphire.
The photon MFP is estimated from the SEM images. It is assumed that whenever a photon hits a nanowire, it scatters with equal probability in all directions. From many nanowires on our SEM images we have drawn rays in eight directions, as indicated for one wire in Fig. 1c . The photon MFP in the nanowire part equals the average distance to the next nanowire determined in this way, multiplied by √ 2 to account for motion in the vertical direction. For the film part the MFP is estimated in a similar manner. The results are given in Table 1 . In this simple model, the MFP is taken to be independent of wavelength.
From the photon MFP the diffusion coefficient is calculated using
where c is the vacuum speed of light, l is the photon MFP, and n g eff is the wavelengthdependent effective group index of refraction, given by n g eff (λ) = n eff (λ) − λdn eff (λ)/dλ.
Here, the effective index of refraction n eff is determined from [26, 27] , where ε ZnO (λ) is the complex dielectric constant of ZnO, ε air is the dielectric constant of air, and f is the ZnO fraction, given in Table 1 . The real part of the dielectric constant of ZnO is taken from Refs. [28] [29] [30] , the imaginary part from Ref. [31] . Apart from diffusion, absorption also influences the dwell time of light inside the sample. We included in our model a linear absorption factor derived from the experimental data shown in Fig. 2a . The effect of three-photon absorption of the 800-nm gating pulse on the dwell time is neglected, as we do not observe any change in shape of the dip for increasing gating fluence, and thus for increasing three-photon absorption.
Using our diffusion model, we calculated the functions U(λ, t), defined as the wavelengthand time-dependent fraction of the pulse energy present as light inside the sample. The transmission versus delay δ of the probe with respect to the gate pulse can subsequently be calculated from
where c 1 is a constant. The integral describes the two-photon absorption of a probe photon and a gate photon. Results for forest 1 are presented in Fig. 3 .
In Fig. 4 the two-photon dip widths of Fig. 3b are compared with the experimental dip widths of Fig. 2b . On average, the dip width is well described by our simple diffusion model.
Also for nanowire forest 2, the model dip widths reasonably agree with the measured ones.
The dashed lines in Fig. 4 indicate the average photon dwell time in the two samples, which is simply given byτ
As is clear from Fig. 4 , the average dwell time is close to the dip width.
The model results show larger dip widths for shorter wavelengths, in agreement with the experimental data. This is the result of the higher group index of refraction and thus the smaller diffusion coefficient. The slopes in Fig. 4 , however, deviate from the experimental results, due to our rough approximation that the MFP is independent of wavelength. A more advanced model could take the wavelength-dependency into account. We wish to emphasize however, that it is of practical use that a simple ray-optics model, in which the photon MFP is measured from SEM images, describes the light diffusion and the dwell times of light already reasonably well.
In conclusion, we have demonstrated a simple and straightforward method to measure the diffusive dwell time of light inside ZnO nanowire forests. This method is based on twophoton absorption of a gating photon and a probe photon. The diffusion can be reasonably well described by standard diffusion theory, in combination with a simple ray-optics model, where the photon MFP is determined from SEM images. We expect these results to be of value for nanowire solar cell research. 
